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Questions for the Workshop
• Do we still think SUSY is a good candidate for TeV-

scale physics?
(My personal opinion: Yes, I do. In fact my assessment of 

likelihood of TeV SUSY has not changed that much in 2011)
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• Do we still think SUSY is a good candidate for TeV-
scale physics?

• How did 2011 data affect our ideas about how 
exactly SUSY might be realized?

• How should SUSY search strategies at the LHC be 
affected by these new ideas?

(My personal opinion: Yes, I do. In fact my assessment of 
likelihood of TeV SUSY has not changed that much in 2011)

Questions for the Workshop
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• Strong Coupling: fermion 
condensate breaks EW 
symmetry

• Just like in QCD, only 
higher scale (“technicolor”)

• Dimensional transmutation 
-              no more 
surprising than 

• Weak Coupling: a scalar 
field, the Higgs field, gets 
vev, breaks EW symmetry

• Calculable and testable: 
new spin-0 particle!

• Needs new physics at TeV 
to be natural, SUSY is the 
most elegant candidate

Central Question since ~1980
Electroweak Symmetry Breaking: 

Strong or Weak Coupling?
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1990’s: Precision 
Electroweak Constraints
Measurement Fit |Omeas!Ofit|/"meas

0 1 2 3

0 1 2 3

#$had(mZ)#$(5) 0.02758 ± 0.00035 0.02767
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
%Z [GeV]%Z [GeV] 2.4952 ± 0.0023 2.4959
"had [nb]"0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.743
AfbA0,l 0.01714 ± 0.00095 0.01642
Al(P&)Al(P&) 0.1465 ± 0.0032 0.1480
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1723
AfbA0,b 0.0992 ± 0.0016 0.1037
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1480
sin2'effsin2'lept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.404 ± 0.030 80.377
%W [GeV]%W [GeV] 2.115 ± 0.058 2.092
mt [GeV]mt [GeV] 172.7 ± 2.9 173.3

strong hint for weakly-coupled EWSB, but with a 
caveat: new physics effects in loops might cancel 
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The Final Nail in the 
TechniCoffin?

15

Upper Limits on BEH Boson Production

! 95% C.L. upper limits on SM Higgs boson production at the Tevatron

! Expected exclusion:   100 < M
H
 < 120 GeV       141 < M

H
 < 184 GeV

! Observed exclusion:  100 < M
H
 < 106 GeV        147 < M

H
 < 179 GeV

Combined exclusion limit

Zoom in:

Expected exclusion at 95% CL: 120-555 GeV

Observed exclusion at 95% CL: 110-117.5, 118.5-122.5, 129-539 GeV

Observed exclusion at 99% CL: 130-486 GeV

Introduction / High-mH search: !!νν, !!jj, !νjj / Low-mH search: 4!, γγ • !ν!ν, bb, ττ / Combination / End? 21/24

95% excluded cross section ratio to SM 

!"##$%&''$(&)*+$ ,-.$%&''$(+*/-)$

0&(12$34$5675$ 0&(1-$8/+(/$9:$;&)$</+*-$ =3$

&(>/?@7565A7=BB$

C11+DE+F$GH$8,I$

Looks like a solid, direct hint for 
a new particle, consistent with a 

125 GeV BFKAH*.
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The Final Nail in the 
TechniCoffin?

15

Upper Limits on BEH Boson Production

! 95% C.L. upper limits on SM Higgs boson production at the Tevatron

! Expected exclusion:   100 < M
H
 < 120 GeV       141 < M

H
 < 184 GeV

! Observed exclusion:  100 < M
H
 < 106 GeV        147 < M

H
 < 179 GeV

Combined exclusion limit

Zoom in:

Expected exclusion at 95% CL: 120-555 GeV

Observed exclusion at 95% CL: 110-117.5, 118.5-122.5, 129-539 GeV

Observed exclusion at 99% CL: 130-486 GeV

Introduction / High-mH search: !!νν, !!jj, !νjj / Low-mH search: 4!, γγ • !ν!ν, bb, ττ / Combination / End? 21/24

95% excluded cross section ratio to SM 

!"##$%&''$(&)*+$ ,-.$%&''$(+*/-)$

0&(12$34$5675$ 0&(1-$8/+(/$9:$;&)$</+*-$ =3$

&(>/?@7565A7=BB$

C11+DE+F$GH$8,I$

Looks like a solid, direct hint for 
a new particle, consistent with a 

125 GeV BFKAH*.
* Boson Formerly Known As Higgs
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SUSY and the 125 GeV Higgs

• Big picture: Light Higgs      weakly-
coupled EWSB       hierarchy 
problem      TeV-scale SUSY is by 
far the most elegant solution   
SUSY seems very likely!

• But, there are some unsettling 
details

• Events with large MET>100 GeV or so

• Need neutral LSP - cosmology, extrapolated beyond BBN

• Only requires R-parity, can be faked by other symmetries e.g. KK-parity

• Superpartner for each SM particle

• Many superpartners may be inaccessible, e.g. More Minimal SUSY

• Light Higgs, Superpartner mass relations

• Model-dependent: MSSM for the Higgs, SUSY breaking for superpartners

• Superpartners have spin off by 1/2

• Very hard to measure, especially with neutral LSP

SUSY “Predictions” for the LHC

Monday, October 11, 2010
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Minimal Supersymmetric Standard 
Model (MSSM)

• Promote each SM field to a superfield + 1 extra 
Higgs doublet (needed for holomorphic masses, 
anomaly cancellation)

• Write most general superpotential + soft SUSY- 
breaking terms, imposing R-parity to avoid rapid 
proton decay (>100 new free parameters)

• FCNC and CPV constraints     same soft masses 
for 1st and 2nd generations, no new phases     
pMSSM (20 free parameters)
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MSSM and the Higgs Mass
• In spite of this huge parameter space, MSSM is 

more predictive than the SM on the Higgs mass

• Reason: in the SM

• In the MSSM                         (D-terms only!)

• Firm upper bound:

• However, this prediction has been falsified by 
LEP-2 more than 10 years ago! (                    )

free parameter!
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Loops to the Rescue!
• “Loop-hole”: the upper bound is tree-level, loop 

corrections can increase the Higgs mass 

• However, there is a price to pay: Fine-Tuning!

• EWSB in the MSSM:

• If                    , need terms on the RHS to cancel 
precisely: fine-tuning!    

• Problem: same loops that raise      also raise 
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Aside: On Fine-Tuning 
• Definition of fine-tuning:

• A clever model may correlate     and      in just the 
right way; “Presumption of Guilt” is a good start 

• Other definitions (e.g. sensitivity to parameters) 
agree in most cases, though care is needed

• Different definitions may give numbers differing by 
order-one factors, but not order-ten

• Imperfect, but it is the only meaningful metric to 
impose on SUSY parameter space   

Observable Contributions of 
different physical origin

FT if

Tuesday, May 1, 2012



Higgs and Top, Alone Together

• Higgs physics in the MSSM is to a good degree 
independent of most of the >100 parameters

• Higgs couples weakly, or not at all, to most SM fields

• So, a decent approximation is just consider Higgs
+top alone       few parameters, can build intuition

TOP/STOP

HIGGS

1st/2nd Gen. (s)quarks, 
(s)bottom, 
(s)Leptons

SU(2)xU(1) 
Gauge Bosons/inos

SU(3) 
Gluons/gluinos
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The Little Hierarchy Problem... 
• Three soft parameters in the top sector:

• One-loop corrections to both        and         are 
proportional to linear combs. of these (*logs)

• A few % tuning at least is required for >114 GeV 
(“SUSY little hierarchy problem”, a.k.a. “the LEP 
Paradox”)

Figure 2: Fine-tuning (black/dashed contours), Higgs mass bound (red/colid contours), and
ρ-parameter (blue/dotted contours) constraints in the (m̃1, δm) plane. The six panels corre-
spond to (starting from the upper-left corner, clockwise): θt = 0, π/25, π/15, π/6, π/4, π/3.
In all panels tanβ = 10. The yellow/shaded intersection of the regions allowed by the three
constraints is the MSSM “golden” region.
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where α3 is the strong coupling constant evaluated at the pole top quark mass Mt; mt =
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4
3πα3) is the on-shell top mass; and
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,
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The scale M2
susy is defined as the arithmetical average of the diagonal elements of the stop

mass matrix. The expression (17) is valid when the masses of all superparticles, as well as

7

1% fine-tuning

LEP-2 Higgs 
mass bound

rho parameter

3% fine-tuning

[Figure: 
MP, Spethmann, ’07]

Tuesday, May 1, 2012



... Just Got a Little Bigger!

• With a 125 GeV Higgs, minimal fine-tuning in the 
MSSM is 1%

• Minimal stop mass is about 500 GeV
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Figure 4: Contours of mh = 126 GeV in the MSSM as a function of a common stop mass
mQ3 = mu3 = mt̃ and the stop mixing parameter Xt, for tan β = 20. The red/blue lines show
the result from Suspect/FeynHiggs. The left panel shows contours of the fine tuning of the Higgs
mass, ∆mh

, and we see that ∆mh
> 100 in order to achieve a Higgs mass of 126 GeV. The right

panel shows contours of the lightest stop mass, which is always heavier than 500 GeV when the
Higgs mass is 126 GeV.

boost the Higgs to 126 GeV using the loop correction. The (well-known) problem is that heavy

stops lead to large contributions to the quadratic term of the Higgs potential, δm2
Hu

,

δm2
Hu

= −3y2t
8π2

(
m2

Q3
+m2

U3
+ |At|2

)
ln

(
Λ

mt̃

)
, (5)

where Λ is the messenger scale for supersymmetry breaking. If δm2
Hu

becomes too large the

parameters of the theory must be tuned against each other to achieve the correct scale of elec-

troweak symmetry breaking. We see from equation 5 that large stop mixing also comes with a

cost because At induces fine tuning. At large tanβ, Xt ≈ At, and maximal mixing (|At|2 = 6m2
t̃
)

introduces the same amount of fine-tuning as doubling both stop masses in the unmixed case.

In order to quantify the fine tuning, it is helpful to consider a simplified model [8] with a

single Higgs field having a potential

V = m2
H |h|2 +

λh

4
|h|4. (6)

Extremizing the potential we see that the physical Higgs mass, mh, is related to the quadratic

term of the potential by m2
h = λhv2 = −2m2

H . The amount of fine tuning is determined by the

7

[Hall, Pinner, Ruderman, 1112.2703]
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Beyond the Minimal: Next-to-MSSM

• Need to change the tree-level prediction for the 
Higgs mass

• Simple idea: add a singlet field    , coupled via

• Tree-level expression for the (~SM) Higgs mass:

• Problem:    runs, gets stronger at higher scales, hits 
a Landau pole

• No L.p. up to                       ; up to               
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NMSSM Is Less Tuned
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Figure 7: Contours of Higgs mass fine tuning, ∆mh
, in the NMSSM with the maximal value

of λ = 0!7 for tan β = 2 and 5, moving from left to right, with �Q3 = �u3 = �̃t. Contours
of �h = 126 GeV are overlaid, including loop corrections from Suspect and FeynHiggs. When
tan β = 2 the tuning can be low, ∆mh

! 15, while for tan β = 5 heavier stop masses are required
because the tree-level Higgs mass is lower.

dominates the tree-level mass. The λ term grows at small tanβ, and this means that the largest

Higgs mass is achieved with low tanβ and as large λ as possible. Plugging in λ = 0!7, we find

that (�h
2)tree is always smaller than 122 GeV.

Because the tree-level contribution is insufficient to raise the Higgs mass to 126 GeV, we also

consider the loop corrections to the Higgs mass arising from stops. In Figure 6, we show contours

of �h = 126 GeV, in the stop mass/mixing plane, with tanβ = 2 5 10 and varying λ between

0 and 0.7. We take the tree-level mass to saturate the bound of equation 10 and we add to it

the one and two loop contribution from stops using Suspect, taking degenerate stop soft masses,

�Q3 = �U3 . Here, and for the rest of this section, we have set # = 200 GeV and we fix $#

by taking the MSSM-like pseudoscalar mass to be 500 GeV, in the limit of no mixing with the

singlet-like pseudoscalar. Suspect includes only the MSSM contribution, and this means that we

are neglecting the 1-loop contribution proportional to λ2, which is a reasonable approximation

since λ%ÿt. Relatively light stops, �̃t ∼ 300 GeV result when tan β = 2 and λ = 0!7, and for

these parameters large stop mixing is not necessary. For stop masses this light, we can expect

O(1) corrections to σ(''→() from stop loops; however, these corrections may take either sign,

depending on the size of the mixing [3], which is relatively unconstrained by naturalness for large

11

Tuning ~ 10%

parameters properties

λ = 2 tan β = 2 mh = 126 GeV θhs = 0.13
µ = 200 GeV M = 0 mh2,3 = 542, 659 GeV
mS = 505 GeV mH+ = 495 GeV mA1,2 = 600, 613 GeV

mQ3 = mU3 = 500 GeV ∆mh
= 5.7

At, Aλ = 0 ξbb̄,tt̄,γγ,WW = (0.30, 1.02, 0.79, 0.84)
Rγγ = 1.56 RWW = 1.65 Rbb = 0.49

Table 1: A benchmark point in λ-SUSY with a large λ of 2 and a 126 GeV Higgs boson mass,
which results from Higgs-singlet mixing. The parameters are shown to the left and various
masses, mixing angles, and phenomenologically relevant Higgs couplings are shown to the right.
The Higgs boson mass is not fine-tuned relative to the fundamental parameters, ∆mh

∼ 6. Here,
the Ri parameters represent the ratio of σ × Br, relative to the SM, with σ corresponding to
gluon fusion for the γγ and WW final states and associated Z/W + h production for h → bb.
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Figure 9: The Higgs mass in λ-SUSY varying the singlet supersymmetric mass, MS, and soft
mass, m̃S. The Higgs mass contours are shown in blue, contours of Higgs fine tuning, ∆mh

, are
shown in red, and the region where the Higgs is tachyonic, due to Higgs-singlet mixing, is shown
in purple. The fine tuning is increased when the Higgs mass drops, however, a Higgs mass of 126
GeV is achieved in a region of low fine tuning, ∆mh

∼ 5. The orange region is where the lightest
neutralino is lighter than half the Higgs mass, and in this region the Higgs would dominantly
decay invisibly.

15

Tuning ~ 20%

[Hall, Pinner, Ruderman, 1112.2703]
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What About Superpartners?
Interpretation of Limits 

Update on Searches for New Physics in CMS             E. Halkiadakis 36 

!! Results interpreted in terms of 

simplified model spectra (SMS) 

!! Use limited set of new 
hypothetical particles and 

decays to produce a given 

topological signature 

!! Excluded mass scales for 

gluinos and squarks, where 

large mass splittings 

between them are assumed, 

as well as for varying 

neutralino masses  

!! Limits are quite dependent 

on model assumptions. 

!! But they are quantified 

1 fb-1 summary 

!"#$%&'()*()+,-&.$/,&01234()5(6 7"89+#3:*+9+#&;<== =>

=?&4@4AB&C"9D&E&F%DD%#G&1H

! 1I)5,J"&,8&9+&K&=&H"L&/+$&MNDO,($PQ&R&MNG5,%#+Q

!""#$%&'()
*'+',-./+'0**'1%2'

=<ST

=<ST

0F434@43==3<<>

Bottom line: gluino/squark mass bounds are above 1 TeV
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Is Supersymmetry in Trouble?
• Higgs mass parameter renormalization:

• Two possibilities: 

• “Natural” Higgs with New Physics (e.g. SUSY) at 

• “Fine-Tuned Higgs” with                     and precise cancellation between 
the tree and loop terms 

• Superpatrner mass scale plays the role of the scale

• Is SUSY already being pushed from “natural” into “fine-tuned” territory?
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8/31/11 1:43 PMBBC News - LHC results put supersymmetry theory 'on the spot'

Page 1 of 5http://www.bbc.co.uk/news/science-environment-14680570

SCIENCE & ENVIRONMENT

27 August 2011 Last updated at 02:41 ET

LHC results put supersymmetry theory 'on the
spot'

Results from the Large Hadron Collider (LHC) have all but killed the simplest version of

an enticing theory of sub-atomic physics.

Researchers failed to find evidence of so-called "supersymmetric" particles, which many

physicists had hoped would plug holes in the current theory.

Theorists working in the field have told BBC News that they may have to come up with a

completely new idea.

Data were presented at the Lepton Photon science meeting in Mumbai.

They come from the LHC Beauty (LHCb) experiment, one of the four main detectors situated

By Pallab Ghosh
Science correspondent, BBC News
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• This argument is a bit too fast!

•       = Higgs-X coupling constant,         = # of d.o.f. in X  

• Recall: Most SM fields couple only weakly, or not at all, to the Higgs!

TOP/STOP

HIGGS

1st/2nd Gen. (s)quarks, 
(s)bottom, 
(s)Leptons

SU(2)xU(1) 
Gauge Bosons/inos

SU(3) 
Gluons/gluinos

But Wait a Second...
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• The real “one-loop naturalness upper bound” on the mass of SUSY partner 
of particle X is not 1 TeV, but 

• For 1st, 2nd gen. squarks, sbottom, sleptons, this bound is 10 TeV or more.

• For stop, it’s in fact lower:                                                                    is 
required for (complete) naturalness

• NB: since left-handed top and bottom are in the same SU(2) doublet, their 
superpartners must be close in mass            one light bottom is required.                                       

• There’s no one-loop upper bound on gluino mass: 

• However two-loop naturalness requires                        (Majorana gluinos) 

(Dirac gluinos)

[Brust, Katz, Lawrence, Sundrum, ’11]
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SUSY In the Era of Austerity
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• “Ascetic” SUSY spectrum is 
completely consistent with the 
5 fb-1 constraints, and helps 
with SUSY flavor problem

For comparison with the LHC limits, we have also shown in Fig. 3, the strongest limit

from the Tevatron, which comes from the D0 sbottom search with 5.2 fb−1. This search sets

limits on sbottom pair production, with the decay b̃ → bÑ1. For the left-handed spectrum,

this limit applies directly to the sbottom, which decays b̃L → bH̃0 for the mass range of

interest (the decay to top and chargino is squeezed out). For the right-handed stop, the

dominant decay is t̃R → bH̃±, which means that the stop acts like a sbottom, from the point

of view of the Tevatron search7. We note that the Tevatron limit only applies for higgsinos

just above the LEP-2 limit, mH̃ < 110 GeV, and we see that the Tevatron has been surpassed

by the LHC in this parameter space.
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FIG. 3: The LHC limits on the left-handed stop/sbottom (left) and right-handed stop (right), with

a higgsino LSP. The axes correspond to the stop pole mass and the higgsino mass. We find that the

strongest limits on this scenario come from searches for jets plus missing energy. For comparison,

we show the D0 limit with 5.2 fb−1 (green), which only applies for mÑ1
<∼ 110 GeV, and has been

surpassed by the LHC limits.

7 In order to apply the Tevatron sbottom limit to right-handed stops, we have assumed that the decay

products of the charged higgsino are soft enough not to effect the selection, which applies when the mass

splitting between the charged and neutral higgsino is small
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Figure 2: Expected and observed 95% C.L. exclusion limits in the g̃ → tt̄χ̃0
1 (via off mass-shell t̃,

mt̃ = 1.2 TeV) simplified model as a function of the gluino and neutralino masses, together with existing

limits [26]. The lower part of the ±1σ band lies outside the range of the figure. The upper production

cross section limits at 95% C.L. are also shown.
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regions, limits have been derived in the context of simplified models where top quarks are produced

in gluino decays and MSUGRA/CMSSM scenarios. In all these signal models, gluino masses below

550 GeV are excluded within the parameter space considered and gluino masses up to 700-750 GeV can

be excluded depending on the model parameters. The results of this analysis are comparable to other

ATLAS searches [26, 64, 65] and in some cases they extend the current exclusion limits on the gluino
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Ascetic-SUSY Search Example: 
Boosted Tops from Gluino Decays

3

Process σtot Eff(pT ) Eff(tag) σtag Eff(E/T ) σall cuts

signal 61.5 37 6 1.31 81 1.06

Z + 4j 2× 105 0.2 0.1 0.44 66 0.29

2t + 2j 5× 104 3 0.3 5.7 2 0.10

W + 4j 2× 105 0.2 0.03 0.12 29 0.04

Z + 2t + 2j 50 4 1 0.02 72 0.02

TABLE I: Signal and background cross sections (in fb) and
cut efficiencies (in %) at the 7 TeV LHC. Acceptance cuts of
pT > 20 GeV, |η| < 5 for all jets are included in the total cross
sections. The cuts are labelled as follows: “pT ”: requiring 4
jets with pT > 100 GeV; “tag”: requiring 2 jets to be tagged
as tops with “loose” parameters; “E/T ”: requiring E/T > 100
GeV. The signal is at the benchmark point, (m(g̃), m(t̃)) =
(800, 400) GeV. Backgrounds not listed here are negligible.

“benchmark” point in the model parameter space, and
do not vary them as we scan the masses. At 7 TeV, we
choose the benchmark point (m(g̃), m(t̃)) = (800, 400)
GeV. We studied all possible combinations of between 0
and 4 loose and tight top tags, and conclude that requir-
ing 2 loose tags is the best strategy at this point. Anal-
yses requiring more than 2 tags, or 2 or more tight tags,
suffer from low event rate, making a search in the 7 TeV
LHC run with 20−30 fb−1 integrated luminosity imprac-
tical. Requiring fewer tags leads to significantly higher
background rates, decreasing sensitivity [24]. The two
top tag requirements strongly suppress the backgrounds,
as illustrated in Table I, but are not by themselves suf-
ficient, so that an additional MET cut must be applied.
The signal and principal backgrounds as a function of
MET are shown in Fig. 1. We require E/T > 100 GeV;
with this cut, we expect 32 signal events, S/B = 2.4,
and statistical significance of 6.8 at the benchmark point
with 30 fb−1 integrated luminosity. The reach of the LHC
with this data set is shown in Fig. 2. (The 95% exclusion
contour is calculated using the expected CLs [25]. The
discovery significance is determined using the expected
log likelihood of consistency with the signal plus back-
ground hypothesis [26].) Gluino masses of up to about 1
TeV can be probed at the 95% confidence level, as long as
the gluino-stop mass difference exceeds 400 GeV. The 5-
sigma discovery reach extends to a gluino mass of about
900 GeV for stop masses below 350 GeV. We should also
note that S/B >∼ 1 throughout the probed region, so no
extraordinarily precise predictions of the background are
required.

LHC Sensitivity at
√

s = 14 TeV — Anticipating
higher reach of the search at 14 TeV, we optimize the
selection cuts for a benchmark point with higher masses,
(m(g̃), m(t̃)) = (1200, 600) GeV. After again considering
all possible combinations of loose and tight tag require-
ments, we conclude that the optimal strategy in this
case is to require three loose tags. We further require
E/T ≥ 175 GeV. At the benchmark point, we expect 8.5
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FIG. 2: The 95% c.l. expected exclusion and 5-sigma discov-
ery reach of the proposed search at the 7 TeV LHC run with
30 fb−1 integrated luminosity.
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FIG. 3: The 95% c.l. expected exclusion and 5-sigma discov-
ery reach of the proposed search at the 14 TeV LHC run with
10 fb−1 integrated luminosity.

signal events to pass these cuts in a data set of 10 fb−1,
and with S/B = 27.5 the expected statistical significance
of observation is 6.5. The reach of a search with these
parameters is shown in Fig. 3. Discovery is possible up to
1.3− 1.4 TeV gluino masses with stops in the 300− 700
GeV mass range. In this case, S/B >∼ 10 throughout
the discovery region.

Given how effective the top tagging technique is in sup-

Errors Stat.-only; S/B>10 everywhere

• Most gluinos decay via tops:

• For typical allowed parameters, 
most tops are relativistic: e.g.

• Hadronic top decays        top jets!

• Use recently developed top-jet 
tagging capabilities, search for 
events with top-jets+MET  

(in gluino rest frame)

[Berger, MP, Saelim, Spray, ’11]
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Impact on Models of SUSY-Breaking
• So far, all discussion was in the context of the MSSM (>100 par.) or pMSSM 

(20 par.): all soft SUSY-breaking terms treated as free parameters

• Deeper theory: understand how SUSY is broken, “predict” soft terms (or at 
least reduce the number of parameters)

• Modular structure

• NO UNIQUE “BEST” MODEL (despite > 20 yrs of trying). Some ideas:

• Gravity mediation:

• Gauge mediation:  

Visible (MSSM)Hidden
Mediator
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Impact on Models of SUSY-Breaking
• So far, all discussion was in the context of the MSSM (>100 par.) or pMSSM 

(20 par.): all soft SUSY-breaking terms treated as free parameters

• Deeper theory: understand how SUSY is broken, “predict” soft terms (or at 
least reduce the number of parameters)

• Modular structure

• NO UNIQUE “BEST” MODEL (despite > 20 yrs of trying). Some ideas:

• Gravity mediation:

• Gauge mediation:  

Visible (MSSM)Hidden
Mediator

TOO
SIMPLE?
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• Basic point: 3rd generation of quarks already looks special, why not 3rd 
generation of squarks?

• A Warped 5D example: “Accidental SUSY” [Gherghetta, Pomarol, ’03]

Generating Ascetic SUSY

Partial SUSY [TG, Pomarol, hep-ph/0302001]

Fermion mass spectrum 
determines sparticle spectrum!

(

ψ

φ̃

)

∝ e( 1

2
−c)ky

X

compositeelementary

UV IR

(

t

t̃

)
(

e

ẽ

)

H̃,H

Aµ, λ

SUSY broken at UV scale

XSUSY

Low-energy SUSY spectrum t̃, H̃

KK spectrum m(n)
f ! m(n)

f̃
n = 1, 2, . . .

(f̃1,2, λ decouple)

bulk mass parameter

11Monday, 12 September 2011[From Tony Gherghetta’s talk at PACIFIC-2011]

Saturday, September 24, 2011
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• Don’t like 5D? Use AdS/CFT to construct a 4D dual - composite 3rd 
generation!

• Or, just plain old deconstruction 

Generating Ascetic SUSY

[Csaki, Randall, Terning, ’11]

fields in a diagonal subgroup of GA × GB, we require GA, GB ⊃ SU(3) × SU(2) × U(1).

Spontaneous symmetry breaking leads to one set of massless SU(3)C × SU(2)L × U(1)Y
gauge bosons, as well as a set of heavy gauge bosons of mass M2

i = 2(g2Ai
+ g2Bi

)〈χ〉2.
We imagine that supersymmetry breaking is communicated primarily to fields charged

under GB. Perhaps the simplest and most attractive means of accomplishing this is via

messengers of gauge mediation charged under GB. As is typically the case with dynamical

models of supersymmetry breaking, we assume there is an approximate R-symmetry that

suppresses gaugino masses relative to the leading-order scalar soft masses. Given this setup,

fields charged under GB receive flavor-blind soft masses of order m2
GM ∼

(
α
4π

)2 ( F
M

)2
where

M is the messenger scale. In contrast, the two-loop mass-squared of scalars charged under

GA are further suppressed by a schematic factor 〈χ〉2/M2. The additional suppression for

fields charged under GA arises because their two-loop soft masses only arise below the scale

〈χ〉.2

Motivated by the largeness of the top Yukawa coupling; the intimate connection be-

tween the top quark and the Higgs; and the constraints of naturalness, we charge the third

generation chiral superfields and Hu, Hd under GA, while charging the first two generations

under GB. The model is shown schematically in Fig. 1.

GA GB

Hu,Hd

103,53 102,52

101,51

Figure 1: The deconstructed model.

2.1 Flavor

Gauge-group locality determines the structure of both fermionic and sfermionic flavor.

Since only the third generation superfields and the Higgs multiplets are charged under

GA, only the Yukawa interactions of the third generation are marginal operators. Yukawa

couplings involving fields of the first two generations may arise via irrelevant operators

upon insertions of the link field vevs, as discussed in detail in [17] (see also [21]). Such

irrelevant operators arise from integrating out massive matter at the scale M∗ ∼ M .

Crucially, the matter representations required by a complete theory of flavor have

strong implications for the prospects of gauge coupling unification. First, consider the

2In fact, important contributions arise at both two and three loops; as we will discuss below, the three-

loop contributions dominate when 〈χ〉/M < 4π, as is typically the case here.

– 4 –

[Craig, Green, Katz, ’11]

[Craig, Dimopoulos, Gherghetta, ’12]
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Super-Ascetic Supersymmetry?
• Recall: To lower fine-tuning needed to get a 125 GeV Higgs, extend MSSM to 

NMSSM with large    : say              (   -SUSY)

• The old EWSB formula still works:

• But now       is not an input parameter, but a vev of the singlet field S        need 
to solve for it!

• When expressed in terms of Lagrangian parameters, 

• Tuning suppressed by                , stop bound raised from 400 GeV to 1.2 TeV!                                     

• So, NO colored superpartners below TeV are required for naturalness!

Tuesday, May 1, 2012



Low-MET (“Stealthy”) SUSYInterpretation of Limits 

Update on Searches for New Physics in CMS             E. Halkiadakis 36 

!! Results interpreted in terms of 

simplified model spectra (SMS) 

!! Use limited set of new 
hypothetical particles and 

decays to produce a given 

topological signature 

!! Excluded mass scales for 

gluinos and squarks, where 

large mass splittings 

between them are assumed, 

as well as for varying 

neutralino masses  

!! Limits are quite dependent 

on model assumptions. 

!! But they are quantified 

1 fb-1 summary • Experiments place significant 
MET cuts to suppress SM 
backgrounds

• In SUSY events with X 
production, 

• For example: no bound on gluino 
from MET+jets if

• No strong degeneracies in the 
spectrum are required - pretty 
generic possibility, not a “hole”!

• Very important to explore this 
region: lower MET cuts? ISR 
tagging? 

Tuesday, May 1, 2012



No-MET SUSY: Visible (N)LSP
• In the MSSM, ANY superpartner can be the LSP: neutral LSP NOT predicted 

• Motivation for neutralino LSP is cosmological: good dark matter candidate, 
strong bounds on electrically charged and colored relics

• However: many other good DM candidates (e.g. axion); charged/colored 
bounds rely on untested assumption of standard cosmology before BBN 

• If LSP is gravitino, NLSP lifetime is basically a free parameter (with 
cosmological bound <1 sec)

• NLSP may travel and decay in any part of the detector, or outside

• SUSY searches for stable/quasi-stable charged/colored LSP are just as 
important as the standard MET searches, should be pursued with equal vigor!

[Example: Graham, Kaplan, Rajendran, Saraswat, ’12]
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No-MET SUSY: R-Parity Violation 
• R-Parity is a discrete symmetry that’s not required 

by SUSY, but imposed in most models to forbid 
operators leading to super-fast proton decay

• R-parity is responsible for stability of the LSP          
much of “SUSY phenomenology”

• There are OTHER WAYS to stop proton from 
decaying: e.g. impose lepton or baryon number 
conservation, or confine R-violation to 3rd 
generation

• Resulting theories have very long-lived proton but 
unstable LSP    no MET or stable exotics!

• Example: Approximate, accidental R-parity follows 
from minimal flavor violation hypothesis for the 
MSSM (which is needed anyway to avoid FCNCs) 

t̃

b̄

s̄

b̃ R

b̃ L

t̄

s̄

Figure 7: The leading diagrams for stop (left) and left-handed sbottom (right) LSP decay.

non-universal terms are suppressed by Yukawa couplings and/or CKM factors, the remain-
ing squarks are expected to be nearly degenerate. A similar argument applies to down-type
squarks, where the left-handed bottom squark can be made light. In the charged slepton
sector, the leading non-universal term comes from the yτ suppressed left/right mixing, im-
plying a nearly degenerate spectrum, except at very large tanβ. The sneutrinos will be even
more degenerate, since this left/right term is absent, and the leading non-universality comes
from y2τ suppressed soft-mass corrections.

Thus, it is very natural for the stop or the (left-handed) sbottom to be the LSP. A
stau (or tau sneutrino) LSP, however, typically implies a nearly degenerate spectrum, and
is somewhat less natural in this context. Other squarks or sleptons are not expected to be
the LSP.

Since the largest R-parity violating operator is in the quark sector, the most interesting
scenario is when the LSP is the stop or the sbottom. We consider the stop LSP case in
detail. The direct decay of the stop is given by the diagram in Fig. 7. The partial widths
Γ(t̃ → d̄id̄ j ) are given by

Γij ∼
m˜t

8π
sin2 θ˜t |λ′′

3ij |2 , (7.2)

where θ˜t is the stop mixing angle. To estimate the lifetime numerically, we use the renor-
malized quark masses at a scale m t ∼ v ∼ 174 GeV, which are approximately [36, 37]:

m u ∼ 1.2 MeV , m c ∼ 600 MeV , m t ∼ v ∼ 174 GeV ,

m d ∼ 3 MeV , m s ∼ 50 MeV , m b ∼ 2.8 GeV , (7.3)

Using these masses to compute the relevant Yukawa couplings, we find a lifetime

τ˜t ∼ (2 µm)

(
10

tan β

)4 (300 GeV

m˜t

)(
1

2 sin2 θ˜t

)
. (7.4)

Thus no displaced vertices are expected except for very small values of tanβ and a very light
LSP. The decay length of the stop LSP is shown in Fig. 8.

Note that in this case one does not expect a large number of top quarks in the final state,
nor, of course, any missing energy. Roughly 90% of decays will go to bottom and strange
quarks, about 8% to bottom plus down, and a few percent to down plus strange. These
branching ratios are fixed by the flavor structure. Thus, most of the events will contain
b-quarks, and a generic signal for supersymmetry will be an overall increase in the number
of events with b-jets, but with possible resonances in the jet spectrum at the squark masses.
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non-universal terms are suppressed by Yukawa couplings and/or CKM factors, the remain-
ing squarks are expected to be nearly degenerate. A similar argument applies to down-type
squarks, where the left-handed bottom squark can be made light. In the charged slepton
sector, the leading non-universal term comes from the yτ suppressed left/right mixing, im-
plying a nearly degenerate spectrum, except at very large tanβ. The sneutrinos will be even
more degenerate, since this left/right term is absent, and the leading non-universality comes
from y2τ suppressed soft-mass corrections.

Thus, it is very natural for the stop or the (left-handed) sbottom to be the LSP. A
stau (or tau sneutrino) LSP, however, typically implies a nearly degenerate spectrum, and
is somewhat less natural in this context. Other squarks or sleptons are not expected to be
the LSP.

Since the largest R-parity violating operator is in the quark sector, the most interesting
scenario is when the LSP is the stop or the sbottom. We consider the stop LSP case in
detail. The direct decay of the stop is given by the diagram in Fig. 7. The partial widths
Γ(t̃ → d̄id̄j) are given by

Γij ∼
mt̃

8π
sin2 θt̃|λ′′

3ij|2 , (7.2)

where θt̃ is the stop mixing angle. To estimate the lifetime numerically, we use the renor-
malized quark masses at a scale mt ∼ v ∼ 174 GeV, which are approximately [36, 37]:

mu ∼ 1.2 MeV , mc ∼ 600 MeV , mt ∼ v ∼ 174 GeV ,

md ∼ 3 MeV , ms ∼ 50 MeV , mb ∼ 2.8 GeV , (7.3)

Using these masses to compute the relevant Yukawa couplings, we find a lifetime

τt̃ ∼ (2 µm)

(
10

tan β

)4 (300 GeV

mt̃

)(
1

2 sin2 θt̃

)
. (7.4)

Thus no displaced vertices are expected except for very small values of tanβ and a very light
LSP. The decay length of the stop LSP is shown in Fig. 8.

Note that in this case one does not expect a large number of top quarks in the final state,
nor, of course, any missing energy. Roughly 90% of decays will go to bottom and strange
quarks, about 8% to bottom plus down, and a few percent to down plus strange. These
branching ratios are fixed by the flavor structure. Thus, most of the events will contain
b-quarks, and a generic signal for supersymmetry will be an overall increase in the number
of events with b-jets, but with possible resonances in the jet spectrum at the squark masses.
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[Csaki, Grossman, Heidenreich’12]

[See the talk by 
Josh Berger 
tomorrow]

Tuesday, May 1, 2012



CONCLUSIONS
• 2011: SUSY searches at the LHC have 

begun in earnest

• Possible Higgs discovery overall good news 
for SUSY

• 125 GeV Higgs requires 1% tuning in 
Minimal SUSY model      non-minimal scalar 
sector?

• Lack of superpartner discovery is not yet 
too worrisome: we’re just getting started

Tuesday, May 1, 2012



CONCLUSIONS
• Several ways to accommodate current 

bounds, with no fine-tuning required:

• Ascetic SUSY: minimal sub-TeV spectrum

• Low-MET SUSY: modest spectrum 
degeneracy (~30% is sufficient)

• No-MET SUSY: RPV or quasi-stable 
(N)LSP

• Not “holes”: all are generic in MSSM (unless 
specific SUSY-breaking schemes are assumed)

Tuesday, May 1, 2012



Looking Forward to 2012

• Definitive data on the Higgs

• Dedicated ascetic SUSY search results (this 
Friday?)

• RPV/Quasi-stable NLSP searches?

• New data-driven theory ideas on SUSY 
breaking?
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Looking Forward to 2012

• Definitive data on the Higgs

• Dedicated ascetic SUSY search results (this 
Friday?)

• RPV/Quasi-stable NLSP searches?

• New data-driven theory ideas on SUSY 
breaking?

SUSY DISCOVERY?
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